flavimanus) (18). Lv and Pv are sources of embryonic nutrients in oviparous vertebrates, 1 while β'-c appears to be stable to proteolysis during development of the teleost fish 2 embryo since it remains during oocyte growth and the early cleavage stage of the embryo 3 (8, 12). The proteolytic tolerance of '-c is probably related to its high allergenicity. 4
Indeed, pepsin-trypsin digestion had little effect on the IgE-binding ability of '-c 5 prepared from chum salmon roe (19) . 6
Thus far, there is little information regarding the biochemical characteristics of 7 allergic proteins in fish roe compared with other food allergens. Most cases of fish roe 8 allergy are classified as Type I allergies that are triggered by the binding of an allergen to 9 a specific IgE, and the recognition of specific amino acid sequences in allergic proteins. 10 Therefore, clarifying the structure of '-c is the first step toward understanding fish roe 11
allergy. 12
This study therefore aimed to elucidate structural information and immunological 13 characteristics of chum salmon '-c. Vg mRNA was sampled from fresh livers of female 14 chum salmon and 170 amino acid sequences corresponding to the '-c subunit were 15 analyzed by cDNA cloning and sequencing. The primary structure and IgE-binding 16 ability of recombinant '-c were then examined by comparison with native '-c. 17
Materials and Methods 1
Salmon roe and total RNA from liver 2 Chum salmon roe from fresh mature individuals (Oncorhynchus keta) was washed with 3 cold 0.16 M NaCl and frozen at -60 °C until required. Liver for total RNA sampling was 4 collected from a mature female fish caught within 8 h, and was immediately treated by 5
RNAlater (Qiagen, Hilden, Germany). 6 7 Sera from patients allergic to salmon roe 8 Sera from patients diagnosed with salmon roe allergies were used for this study. Patient 9 clinical data are listed in Table 1 . Total and specific IgE levels were determined by the 10 capsulated hydrophilic carrier polymer-radioallergosorbent test (CAP-RAST system; 11
Phadia AB, Uppsala, Sweden). After being stored at < -60 °C for 2-12 months, the 12 patients' sera were mixed with the same volume of phosphate-buffered saline (PBS: pH 13 7.5) containing 0.2% NaN 3 and then stored at 4 °C until required. We confirmed that the 14 specific IgE was contained in all sample sera by ELISA using purified β'-c. The study 15 was approved by the local ethical committee and all subjects provided written informed 16 consent before enrollment in the study.
1
Preparation of '-c and its subunit components 2 '-c was prepared from chum salmon roe according to the method of Hiramatsu et al. 3 (20) . Briefly, roes were homogenized in 0.5 M NaCl and 20 mM Tris-HCl (pH 8.0) and 4 the yolk protein extract was dropped into 10 × volumes of cold distilled water. The 5 precipitate generated in this step was collected by centrifugation at 20,000 × g for 30 min, 6 dissolved in 0.5 M NaCl (pH 8.0), and the 67%-saturated ammonium sulfate precipitate 7 was collected by centrifugation at 20,000 × g for 30 min. The precipitate was redissolved 8 in 0.5 M NaCl (pH 8.0) and loaded onto a Sephacryl S-200HR column (GE Healthcare, 9
Piscataway, NJ) to purify '-c. The protein fractions were detected at 280 nm, and the 10 concentration was determined by the Biuret method (21). All steps were performed at 11 temperatures below 5 °C, and the purified proteins were frozen at -30 °C until required. 12
The subunit components of purified '-c were separated with a preparative SDS-PAGE 13 system (AE-6750S, Atto Corp., Tokyo, Japan) in the presence of 2-mercaptoethernol. The 14 purified subunits were dialyzed against 1 mM sodium bicarbonate, lyophilized, and 15 stored at -60 °C until required. 16
SDS-PAGE analysis and immunoblotting 1
SDS-PAGE was performed according to the method of Laemmli (22), using 4.5% and 2 12.5% polyacrylamide slab gels for stacking and resolving gels, respectively. The protein 3 bands were stained with 0.25% Coomassie Brilliant Blue R (Sigma Aldrich, St. Louis, 4 USA) dissolved in 9% acetic acid and 45% methanol. Proteins subjected to SDS-PAGE 5
were transferred onto a polyvinylidene difluoride membrane and reacted with the 6 patients' serum (P1 in Table 1 ). The blotting picture was gray-scaled and reversed using a 7 computer. 8 9
CD spectroscopy 10
The CD-spectrum of '-c (0.8 mg/mL) was measured at 25 °C using a spectropolarimeter 11 (J-725, Jasco Inc., Tokyo, Japan). 12
13

MALDI-TOF-MS 14
Mass spectrometry was performed using MALDI-TOF system (AB4700, 15
Applied Biosystems Inc., California, USA) equipped with a 335 nm YAG laser 16 in the reflection mode. α-Cyano-4 hydroxycinnamic acid (α-CHCA) was used as matrix. Samples, desalted with a C18-micro column (ZipTip, Millipore 1
Corp., Massachusetts, USA) and dissolved in 50% acetonitrile containing 2 0.1% trifluoroacetic acid, were spotted onto a sample-target plate using the 3 dry droplet method. The sample-coted plate was subsequently subjected to 4 the MALDI-TOF system under the positive-ion-mode, after applying a drop of 5 the matrix-only solution (10 mg/mL of α-CHCA dissolved in acetonitrile-6 trifluoroacetic acid) to the sample droplet. Vitellogenin is a precursor of '-c as described in the introduction, and the DNA 10 sequences encoding major yolk proteins in salmonid are located in the Vg gene in the 11 following order: NH2-(Lv heavy chain)-(Pv)-(Lv light chain)-('-c)-(C-terminal 12 peptide)-COOH (8). Although we have no structural information about chum salmon Vg, 13 the N-terminal 20 amino acid sequence of chum salmon '-c was almost identical to that 14 of rainbow trout (Oncorhynchus mykiss) '-c (9), suggesting high similarity of the 15 primary structures. Thus, the partial base sequence of rainbow trout Vg (EMBL: X92804) 16
was used as a cloning refer (23). The cDNA cloning strategy is shown in Fig. 1 . Briefly, the forward primer (5'-CCCTGTTCTCTGCCATTTGA-3') was designed upstream of the 1 coding to the N-terminal amino acid sequence of '-c, and the reverse primer (5'-2 CTGGGTGCTTCCTTCTGATA-3') was designed downstream from the sequence 3 encoding the 170th amino acid residue in order to cover the whole amino acid sequence 4 of the 18kDa-subunit. cDNA cloning was carried out as described previously (24), with 5 the exception of primer differences. The nucleotide sequence was determined using the 6 DNA Sequencer 3130 (Life Technologies, Carlsbad, CA) after labeling the DNA with the 7 BigDye Terminator v3.1 Cycle Sequencing Kit (Life Technologies). The digested peptides were lyophilized, dissolved in 1% acetonitrile containing 0.1% 6 trifluoroacetic acid, and then applied to reverse-phase high performance liquid 7 chromatography (HPLC) on Mightysil RP-18 GP columns (4.6 × 250 mm: Kanto 8 Chemical Co., Inc., Tokyo, Japan). Columns were eluted at a flow rate of 1.0 mL/min by 9 a liner gradient of acetonitrile (1-60% in 120 min) containing 0.1% trifluoroacetic acid. 10
Peptides were monitored at 228 nm with a UV detector. Digested peptides fractionated 11 with HPLC thus obtained were subjected to the automatic Edman sequence analyzer 12 (Procise 492, Perkin Elmer, Waltham, USA) to identify the amino acid sequences. Up to 13 20 residues from the N-terminus were detected in this experiment. 14
15
Preparation of recombinant '-c subunit (Rsub)
16
The coding region of '-c was amplified by reverse transcription polymerase chain reaction (RT-PCR) using the forward primer (5'-1 TTAGGATCCGAAGTCAACGCAGT-3'), reverse primer (5'-2 TTAGGCAAAGCTGACTGAGCTCT-3'), and Prime STAR HS DNA polymerase 3 (Takara Bio Inc., Shiga, Japan). The amplified fragment was then inserted into the BamH 4 I and Sma I sites of the pGEX-6P-1 vector (GE Healthcare). The vector was transformed 5 into competent Escherichia coli (BL21 (DE3), Nippon Gene Co., Ltd., Tokyo, Japan), 6 which were cultured in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl) 7 containing 50 µg/mL ampicillin. The expression of the GST-fused protein was induced 8 by 1.0 mM isopropyl--thiogalactosidase at 37 ˚C for 3 h and the cultured E. coli were 9 sonicated with a detergent buffer (0.05% sodium deoxycholic acid-1% Triton X-100). 10
After adding Benzonase (Novagen Inc. Madison, USA) on ice and removing the residues 11 by centrifugation at 10,000 × g for 10 min, Rsub was purified by running the 12 supernatant through a GSTrap HP column (GE Healthcare). Cleavage between GST and 13
Rsub was performed using PreScission protease (GE Healthcare) within the column, As shown in Fig. 2-2 , CD spectrum of native β'-c showed only a clear negative peak at 14 216 nm, suggesting β'-c contains only β-pleated sheet as a regular structure. 15
As presented in Figure 3 , MALDI-TOF mass spectrum of native β'-c showed a collected and subjected to amino acid sequential analysis, and their determined N-7 terminal sequences were found in the deduced amino acid sequences shown in Fig. 4 . 8
Consequently, we identified the locations of the 17 peptides in the primary structure of 9 the 16 kDa-subunit, as shown in Fig. 5 , and the 121 amino acid residue sequence was 10 almost consistent with that of Cs, except for three residues in peptide a (57D), peptide p 11 (64M), and peptide m (140G). 12
Following tryptic digestion, the peptide chromatogram of the 18 kDa-subunit 13 resembled that of the 16 kDa-subunit as shown in Fig. 5 (chromatograms) . Additionally, 14
as shown in the peptide mapping, the amino acid sequences of the 18 kDa-subunit-15 peptides (r-z) were almost consistent with those of the peptides from the 16 kDa-subunit, 16
except for three residues (88N, 94E, and 128G), whereas 88N and 94E were consistent with the deduced amino acids from C2. These results indicate the high structural 1 similarity between the 16 kDa-and 18 kDa-subunits. 2 3
Comparison of the IgE-binding ability between native and recombinant β'-c subunits 4
The recombinant β'-c subunit (Rβsub) based on Cβ3 was subjected to competitive 5 ELISA using serum from a patient allergic to salmon roe (P2-P5 in Table 1 ), and the IgE-6 binding ability of Rβsub was compared with that of native β'-c ( Fig. 6(A) ). Apparently, 7
Rβsub inhibited the reaction between native β'-c and the specific serum IgEs, and Rβsub 8 completely inhibited the IgE-binding between native β'-c and the specific serum IgEs at 9 the high protein concentrations (>0.01 µg/mL). Additionally, the inhibition effect of 10 Rβsub was not significantly different from that of β'-c at the same protein concentration. 11
Carboxymethylated β'-c (16 kDa-and 18 kDa-subunits mixture) also showed the 12 inhibitory effect as the same as carboxymethylated Rβsub, and the inhibition rate of the 13 both carboxymethylated proteins was larger than 80% at 1 µg/mL ( Fig. 6(B) ). These 14 results indicate that the 16 kDa-and 18 kDa-subunits have a similar level of IgE-binding 15
ability. 16
On the other hand, the competitive ELISA-curves of native β'-c and Rβsub (Fig. 6(A) ) were shifted to the right side of the figures by carboxymethylation ( Fig. 6(B) ), and the 1 ELISA-curves of native β'-c were markedly shifted to the right side rather than that of 2
Rbsub except for the case of P2. These changes in the competitive ELISA-curves indicate 3 that the carboxymethylation diminished the IgE-binding ability of the proteins, 4 particularly native β'-c. Structural determination of an allergen is the first step toward understanding its 2 sensitization as most IgEs that induce food allergies bind to allergens by recognizing their 3 specific amino acid sequences. In this work, the primary structure of two subunits of '-c 4 were investigated by cDNA cloning and peptide mapping. The 16 kDa and 18 kDa-5 subunits were purified and subjected to the peptide mapping, separately. Consequently, 6 the sequences of 170 amino acid residues were obtained ( Fig. 4) and matched with the 7 sequences of 121 residues in the 16 kDa-subunit and 88 residues in the 18 kDa-subunit 8 ( Fig. 5 ). 9
As described above, the DNA sequences encoding major yolk proteins are located in 10 the Vg gene. Since the gene encoding '-c does not exist independently and the structure 11 of the C-terminal peptide located downstream of '-c was not identified, the C-terminus 12 of '-c was not disclosed in this workHoweverthe entire amino acid sequences of both 13 subunits of native '-c shown here appear to be covered by the deduced amino acid 14 sequences (C1, C2, C3) as their molecular mass was calculated to be 19 kDa. 15
The authors have successfully detected five kinds of sequential IgE epitopes in β'-c 16
in continuous research works (data not shown), and the identified IgE epitopes did not contain the substituted amino acid sequences among the isoforms shown in Fig. 4.  1 Therefore, the allergenicity of 3-isoform recombinants seems to be identical each other. 2
Vg consists of two disulfide-bonded heavy chains, and enzymatic degradation during 3 oocyte growth generates '-c Although there is no information about cysteine pairs 4 involving in dimerization of '-c, we suggest that, following cleavage, the fragments of 5
Vg heavy chains, that is the 16 kDa and 18 kDa subunits of '-c connect with disulfide 6 bonds as shown in Fig. 2-1(Lane B, C) . HPLC elution patterns of the tryptic-digested 7 peptides derived from the 16 kDa-and 18 kDa-subunits were quite similar, as shown in 8 Fig. 5 . Moreover, the peptides contained in the peaks with identical elution times (o and 9 w, q and z) were consistent, excluding only two amino acid residues between the 16 kDa-10 subunit (121 residues) and the 18 kDa-subunit (88 residues). These results clearly 11 indicate that native '-c is a homodimer protein composed of two isoform subunits. Thus, 12 the 16 kDa-subunit appears to be a subfragment of the 18 kDa-subunit lacking the C-13 terminal region. approximately half of the entire structure was shown to be composed of pleated sheets with no α-helices (Supplementary data, Figure S1 ). Additionally, the CD spectrum of 1 native β'-c ( Fig. 2-2 ) agreed with these predicted characteristics. Such a high content of 2 pleated sheets and a homodimer structure may contribute to the observed high thermal 3
stability of '-c in which the water solubility remained unchanged after heating at 98 °C 4 for 20 min (Data not shown). 5 Figure 6 showed that the 16 kDa-and 18 kDa-subunits of native '-c have an equal 6
IgE-binding ability. Thus, a slight difference in the primary structure between the 7 isoforms and the absence of a C-terminal region in the 16 kDa-subunit seems to have no 8 effect on the allergenicity of '-c. Furthermore, the reaction between native β'-c and the 9 specific IgE was effectively suppressed by carboxymethylated β'-c and Rβsub. This 10 result, although structural IgE epitopes may be reconstructed with refolding of Rβsub, 11 suggests that sequential IgE-epitopes are more likely to be involved in sensitization to '-12 c in salmon roe allergies than structural IgE-epitopes. 13
On the other hand, the IgE-binding abilities of β'-c and Rβsub were impaired by the 14 carboxymethylation. These changes were presumably caused by loss of structure epitopes 15 with collapse of the subunit structure of native β'-c or by the modification of cysteine 16 residues in sequential epitopes.
It is unclear that which of higher order structure or internal structure of β'-c 1 participates in the structural IgE-epitopes. Further structural information of native and 2 recombinant proteins before and after carboxymethylation are required to clarify this 3 issue, and these discussion could contribute to identifying IgE epitopes in β'-c. 4
In oviparous animals including fish and bird, Vg is mainly fragmented to Lv, Pv, 5
and specific proteins such as '-c in teleost fish (7, 8) and 40 kDa-glycoprotein in chiken 6 (Gallus gallus) (28). However, no amino acid sequence of '-c clarified in this study was 7 found out in chicken Vg (Accession number: D89547, M18060 (29)), indicating that no 8 protein with a similar structure to '-c exists in hen egg proteins. Additionally, the 9 patients' sera containing specific IgE with strong reactivity to native '-c and Rsub (Fig.  10 6) showed little IgE-reactivity against chicken egg yolk and white proteins as presented 11 in CAP-RAST (Table 1) . These results lend support to the previous study (10) that denied 12 the existence of IgE cross-reactivity between fish roe and hen egg. 13
Since some substitutions of amino acid residues were observed between the deduced 14 amino acid sequences and the digested peptides, as shown in Fig. 5 , the two subunits 15 prepared by preparative electrophoresis could contain their own isoforms. Buisine et al. 19. Fujita, S., Shimizu, Y., Kishimura, H., Watanabe, K., Hara, A. and Saeki, H. 2012. In Ur, Urticaria. Fig. 1 . DNA sequences encoding major yolk proteins located in the vitellogenin gene The inhibitors were carboxymethylated before examining the competitive ELISA. The ELISA plates were coated with native β'-c. 
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